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1. Introduction 
It is now clear that mitochondria contain a 
specific DNA-directed RNA polymerase [l-7] . 
Isolation of a number of mitochondrial RNA poly- 
merases has shown that these enzymes have a number 
of properties distinguishing them from their respective 
nuclear RNA polymerases, and those from bacteria. A 
particular difference is the mitochondrial enzymes 
single low mol. wt. subunit with values of 63 000 for 
Neurospora crassa [3], 65-70 000 from rat liver 
[ 1,2,4] ,46-50 000 for Xenopus laevis [6] and 
59-67 000 for yeast [ 5,7] . This is in sharp contrast 
to the high mol. wt. complexes consisting of a 
number of components found in both the nuclear and 
bacterial RNA polymerases [8,9] . The only similar 
RNA polymerases are those found associated with 
bacteriophages uch as T3 and T7, having single 
polypeptides of loo-120 000 mol. wt. [lO,ll]. 
Similar to the bacterial RNA polymerases a 
number of the isolated mitochondrial RNA poly- 
merases have been shown to be sensitive to rifamycin 
[ l-4,7] . However, this property does not appear to 
be universal as rifamycin insensitivity has been 
reported for enzymes isolated from yeast [5], and 
X. laevis [6] mitochondria. 
Many of the mitochondrial components although 
specific for mitochondria are nuclear coded and 
cytoplasmically synthesized [ 121. It was therefore 
of interest to determine whether the yeast mito- 
chondrial RNA polymerase was nuclear or mito- 
chondrially coded, as it must be responsible for 
messenger RNA production within the mitochondrion. 
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Evidence has been presented for the nuclear origin 
and cytoplasmic synthesis of the A! crassa enzyme 
[131. 
2. Materials and methods 
Saccharomyces cerevisae (strains 239, N.C.Y.C.; 
239 LUV p-; 239 p-, a DNA zero strain lacking 
mitochondrial DNA [ 141) was grown to stationary 
phase in 2% peptone, 1% yeast extract, and 1% 
glucose at 25°C. 
Mitochondrial RNA polymerases were extracted 
and isolated with a modification of the method 
previously described [7]. 
RNA polymerase activity was determined in a 
standard reaction mixture containing, per ml; 50 
pmol Tris-HCl (pH 7.5), 20 nmol magnesium acetate, 
1 pmol MnCls , 1 pmol each of GTP and CTP, 2 pmol 
ATP, 0.05 pmol UTP, 6 /Ki [3H]UTP (10.5 Ci/mmol), 
1 mg denatured calf thymus DNA, and 0.1 to 0.4 ml 
enzyme. Standard assays (55 ~1) were incubated for 
20 min at 37°C a 50 /_d sample removed, and applied 
to a Whatman No 1 filter paper disc (2.4 cm diameter). 
The discs were treated as described previously [7]. 
Mitochondrial RNA polymerase was labelled in 
vivo by incubating cells, prepared as described 
previously 15, with [3H[- or [35S]methionine using 
two methods of preparation. Method I; [3H]methio- 
nine was added to a concentration of 2 &i/ml 
(specific activity 250 mCi/mmol) 20 min after 
addition of chloramphenicol or cycloheximide (final 
concentration 100 pg/ml). Incubation was at 25’C 
for 2 h, after which mitochondria were isolated and 
the RNA polymerase isolated by DEAE-cellulose 
chromatography, and glycerol gradient centrifugation 
North-Holland Publishing Company - Amsterdam 
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as described [7]. Method II; [35S]methionine was 
added to a concentration of 10 pCi/ml (specific 
activity 160 Ci/mmol) 20 min after addition of 
chloramphenicol (final concentration 100 pg/ml) or 
ethidium bromide (final concentration 10 pg/ml). 
Incubation was at 25°C for 2 h after which the cells 
were disrupted mechanically [ 151. After removal of 
cell debris the whole cell extract was treated in a 
similar manner to isolated mitochondria [7], and the 
RNA polymerase isolated in a similar manner. 
Polyacrylamide gel electrophoresis in the presence 
of sodium dodecyl sulphate was carried out according 
to the method of Weber and Osborn [ 161. I I I I I fi I I I I 
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3. Results 
In the study of the origin of various components 
of yeast mitochondria, yeast have the advantage of 
having available mutants which either lack mitochon- 
drial DNA or have a reduced mitochondrial DNA 
content (‘petites’). A method for the rapid isolation 
of yeast mitochondrial RNA polymerase has been 
developed [7]. This method has been applied to three 
yeast strains, a wild type, a ‘petite’, and a DNA-zero 
‘petite’. Fig.1 shows the final stage of purification, 
glycerol gradient centrifugation, of preparations from 
these three strains. A single peak of activity was found 
in each case in a position normally found in previous 
mitochondrial RNA polymerase preparations. 
Table 1 shows the specific activities of the peak 
fractions from fig. 1, and the effect of addition of 
rifamycin upon the activity. The specific activities of 
the wild type and ‘petite’ preparations were similar, 
but there was 50% reduction in activity from the 
DNA-zero ‘petite’ preparation. This reduction may 
Fig.1. Glycerol gradient centrifugation of mitochondrial 
RNA polymerases. The peaks of activity from DEAE-cellulose 
chromatography were applied to 10 to 30% (v/v) glycerol 
gradients (5 ml volume) in 0.01 M Tris-HCl buffer, pH 7.8 
containing 2 mM MgCl,, 0.5 mM EDTA, 5 mM dithio- 
threitol, and 0.5 M KCl. Centrifugation was at 169 000 g for 
1.5 h at 4”C, at which time 0.3 1 ml fractions were collected 
and assayed as described under Materials and methods. 
(-o-o-) strain 239 ‘wild type’, 136 pg protein added; (-e-o-) 
strain 239 DNA-zero ‘petite’, 350 Mg protein added; 
(-6-a.) strain 239 LUV ‘petite’, 340 pg protein added. 
perhaps be due to loss or leakage during preparation, 
as DNA-zero strains contain somewhat incomplete 
mitochondrial structures. All three enzymatic activities 
were sensitive to rifamycin, and it is clear that these 
represent similar enzymes. Thus it would appear that 
the mitochondrial RNA polymerase is not coded for 
by mitochondrial DNA. 
Whether a protein is synthesized by the mitochon- 
drion or in the cytoplasm can be determined bv use 
Table 1 
Specific activities and effect of rifamycin SV in various 
mitochondrial RNA polymerases 
Strain Specific activity % inhibition by 
(nmoles UMP incorporated/mg rifamycin SV 
protein/20 min/37”C) (20 ccg/ml) 
239 ‘wild type’ 1.84 73 
239 LUV ‘petite’ 1.77 63 
239 DNA-zero ‘petite’ 0.78 53 
The enzymes were assayed as described under Materials and methods. 
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Fig.2. Glycerol gradient centrifugation of [“HI methionine 
labelled mitochondrial RNA polymerases. As described 
under Materials and methods labelled mitochondrial RNA 
polymerase was prepared (Method I) and centrifuged as 
described in the legend to fig. 1. Fractions of 0.28 ml were 
collected, 0.18 ml was used for reading the optical density 
at 280 nm and 0.1 ml was counted in a dioxane-based 
scintillant. (-o-o-) Control, strain 239; 11 150 cpm added 
(-o-o-) plus chloramphenicol, 100 pg/ml, 5000 cpm added; 
(-a-a-) plus cycloheximide, 100 pg/ml, 18 200 cpm added. 
June 1976 
and methods) in the absence or presence of chlor- 
amphenicol or ethidium bromide. The appropriate 
peak from DEAE-cellulose chromatography [7] was 
pooled, and analysed by polyacrylamide gel electro- 
phoresis. Fig.3 shows autoradiographs of these gels. 
Little or no difference can be seen in the mol. wt. 
region of the mitochondrial RNA polymerase, (68 000, 
! 2 3 4 
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of antibiotics which selectively inhibit mitochondrial 
or cytoplasmic protein synthesis [ 121. Mitochondrial 
RNA polymerase was isolated using Method I, (see 
Materials and methods) from cells labelled in the 
absence or presence of chloramphenicol or cyclo- 
heximide. Fig.2 shows the final stage of purification 
of these three preparations. The control culture gave 
a peak of radioactivity corresponding to the position 
found for the enzyme activity (fig. 1). The same was 
true for the chloramphenicol-treated culture, in 
contrast to the cycloheximide-treated culture which 
only exhibited radioactivity at the top of the gradient. 
The protein profiles for all three preparations were 
essentially the same, the lack of label in the cyclo- 
hexamide preparation not being due to degradation. 
Thus, the mitochondrial RNA polymerase appears to 
be made upon cytoplasmic ribosomes. 
Further confirmation of these results is shown in 
fig.3. A mitochondrial RNA polymerase enriched 
preparation was labelled using Method II, (Materials 
Fig.3. Autoradiographs of sodium dodecyl sulphate poly- 
acrylamide gel electrophoresis of [“S] methionine labelled 
preparations. As described under Materials and Methods 
labelled preparations (Method II) of mitochondrial RNA 
polymerase were prepared, electrophoresed, and autoradio. 
graphs prepared. (1) control, no additions, 50 000 cpm added 
to gel; (2) plus ethidium bromide (10 ng/ml), 42 000 cpm 
added to gel; (3) plus chloramphenicol (100 pg/ml), 55 500 
cpm added to gel; (4) stained gel of purified enzyme run 
under similar conditions. 
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[7]. The same is true for densitometer traces of 
stained gels of the same preparations. Thus neither 
chloramphenicol or ethidium bromide appeared to 
affect the synthesis of the enzyme. 
4. Discussion 
From the results presented here the mitochondrial 
RNA polymerase, like many other components of the 
mitochondrion [ 121, is nuclear coded and synthesized 
in the cytoplasm. This is shown by the presence of 
the enzyme in a DNA-zero ‘petite’ (fig.1) and that its 
synthesis is unaffected by ethidium broniide or chlor- 
amphenicol, but inhibited by cycloheximide (figs.2 
and 3). This appears to be similar to the mitochon- 
drial RNA polymerase from IV. crassa [ 131, and 
confirms the detection of polymerase activity in a 
‘petite’ yeast [ 171 , and the presence of messenger 
RNA in another [ 181. However, no evidence was 
obtained for an increase in mitochondrial RNA poly- 
merase labelling with short or long (results not 
shown) incubations with ethidium bromide in 
contrast to its effect upon the N: crassa [ 131 enzyme. 
Thus, although very similar, the control model 
proposed by Barath and Kuntzel [ 131 for the A! crassa 
enzyme does not appear to occur in yeast. 
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